synchronized culture or metabolic inhibitors (2, 3, 5) . It is uncertain whether the biochemical reactions involved between completion of chromosome replication and physical separation of cells are sequential or co-temporal.
Membrane proteins involved in DNA synthesis and cell division have been found in several thermosensitive mutants (8, 10, 11, 21) and the recA mutant (9) . A heat-labile protein required for division accumulates during the duplication cycle (22) . A complex stimulating the division of filaments of Escherichia coli K-12 lon-formed by low-dose ultraviolet irradiation has been obtained from cell extracts (4) . However, it is still not possible to elucidate the process of cell division systematically. In this report, we describe physiological characteristics of a new thermosensitive mutant deficient in cell division derived from E. coli K-12.
MATERIALS AND METHODS Isolation of mutant. The thermosensitive mutant, ts-20, used throughout this work was derived from E. coli K-12 JE-1011 F-thr-leu-trp-his-thythi-ara-lac-gal-xyl-mtlh strr. The mutant was selected by a simplified method (17) of Van de Putte et al. (23) . The exponentially growing culture of E. coli K-12 JE-1011 in NBT medium (containing 10 g of polypeptone, 7 g of meat extract, 3 g of NaCl, and 10 mg of thymine per liter of distilled water) was washed and treated with N-methyl-N'-nitro-N-nitrosoguanidine at 30 C for 30 min following the little modified method of Adelberg et al. (1) . The culture of the treated cells was filtered through a membrane filter, 8-,um pore size, after 120 min of incubation at 42 C in NBT. The elongated cells retained on the filter were examined as to the colony-forming ability at 30 and 42 C on an NBT-agar plate.
Viable count was assayed by colony-forming ability on an NBT-agar plate supplemented with 200 ,ug of dihydrostreptomycin (Kyowa Hakko Kogyo Co., Ltd.) per ml after 16 hr of incubation at 30 C. 959 NAGAI AND TAMURA A thermosensitive division mutant, E. coli PAT 84, was generously provided by Y. Hirota.
DNA, RNA, and protein syntheses. Macromolecular synthesis was assayed by the incorporation of labeled precursors into acid-insoluble products. In the case of nucleic acid synthesis, 6 /Ci of '4C-adenine with 300 ug of cold adenine was added to 70 ml of an exponentially growing culture in NBT at 30 C at a cell density of 108/ml. The mixture was separated into two parts. One was incubated at 30 C, and the other at 42 C. At time intervals, 6 ml of the suspension was poured into 0.6 ml of ice-cold 50% trichloroacetic acid. Protein synthesis at 30 or 42 C was assayed by the same method. That is, 2 ACi of 14C-leucine with 100 ,Ag of cold leucine was added to 40 ml of exponentially growing culture which was divided into two parts, one for 30 C and the other for 42 C. At the intervals, 4 ml of the mixture was taken into 0.4 ml of 50% trichloroacetic acid. DNA, ribonucleic acid (RNA), and protein were fractionated by the method of Schmidt and Thannhauser (20) . The protein fraction was dissolved in 1 N NH40H. The radioactivity of each fraction was determined in a liquid scintillation counter. Content of DNA or RNA was estimated by the value of absorbancy at 260 nm with salmon sperm DNA or yeast RNA used as a control. Protein was determined by the method of Lowry et al. (13) .
Nutritional requirement for division of filaments. The elongated cells formed after 60 min of incubation at 42 C were filtered on a membrane filter and washed twice with 10 ml of basal medium (BM) composed of: tris(hydroxymethyl)aminomethane-hydrochloride, 12.1 g; KCl, 2.02 g; NH4Cl, 1.98 g; Na2HPO4, 142 mg; Na2SO4, 398 mg; MgCl2, 203. mg; CaCl2, 14.7 mg; and FeCl3, 14.7 mg, in a liter of distilled water. The washed filaments were resuspended in BM and incubated at 30 C with or without addition of Casamino Acids or thymine.
Samples of the suspension were taken at 15-min intervals and diluted with saline. The number of colony formers was assayed on NBT-agar plates after 24 hr of incubation at 30 C.
Electron microscopy. Cells were fixed by suspending them in a solution of 5% glutaraldehyde (19) (14) . Polymerization was accomplished by successive incubations at 37 C for 24 hr, at 45 C for 24 hr, and at 60 C for 24 hr. Ultrathin sections were obtained on an LKB ultratome fitted with glass knives. To improve contrast, sections were poststained with uranyl acetate for 20 min and lead tartrate for 5 min. All specimens were examined with a JEM 7 electron microscope.
RESULTS
Growth and macromolecular synthesis at 30 C and 42 C. The increase in optical density, incorporation of labeled precursor, and content of macromolecules at 30 and 42 C are shown in Fig. 1A through D. In Fig. 1-A , an exponentially growing culture of ts-20 at 30 C was divided into two parts at an optical density of 0.20. One part was cultivated at 30 C and the other was shifted to 42 C. After the shift to 42 C, increase of optical density was more rapid for 60 min but slower thereafter than it was at 30 C. Incorporation of labeled leucine into protein or labeled adenine into DNA and RNA was also stimulated at 42 C for 120 min. Stimulation of incorporation was more evident at an early stage after the temperature shift but disappeared later. Photometric measurement of protein or DNA content showed the same tendency. However, RNA content of the culture at 42 C seemed to be less than that of 30 C at 60 and 120 min after the temperature shift. Since the incorporation of labeled adenine into RNA was normal as described above, this suggests the stimulated turnover of RNA at 42 C.
The number of viable cells increased exponentially at the permissive temperature, with a doubling time of 60 min. However, the cell stopped dividing immediately after the culture was shifted to nonpermissive temperature. The viability did not change for 6 hr at 42 C. When the cells were shifted back to 30 C after 60 min of incubation at 42 C, the cell number increased abruptly after a 30-min lag. The cell number of the culture after the abrupt increase was 3.5 times as many as that before the temperature shift. After the original burst, the cell number increased synchronously for 3 hr. The results are presented in Fig. 2 .
Filaments of a thermosensitive mutant of E. coli strain PAT 84 (7) produced after 60 min of incubation in NBT at 42 C were able to divide at the nonpermissive temperature when supplemented with 6, 9, and 12 g of NaCl per liter. However, the filaments of ts-20 could not divide at the same condition. Moreover, when the culture of PAT 84 in NBT were shifted back to 30 C after 60 min of incubation at 42 C, there was no synchronous increase of cell number following the original burst.
Division of filaments. The filaments of ts-20 were produced by 60 min of incubation at 42 C in NBT. The washed filaments were resuspended in the various media and the number of colony formers were assayed after periods of incubation at 30 C. As shown in Fig.  3 shown in Fig. 4 and Fig. 5 (Fig. 4) . divided at the center of the filaments, and both of the newborn cells subsequently divided. CAP was added to the culture simultane-However, the longer filaments separated unvith the temperature shift from 42 to 30 equally into a cell of normal length and a residfilaments did not divide. However, the ual filament. Normal division was observed cell number increased 1.4-and 2.0-fold if CAP was introduced 15 and 30 min after the shift, respectively. CAP added 60 min after the temperature shift from 42 to 30 C did not inhibit cell division for 30 min. However, the second increase of cell number shown at 120 min after the shift in the absence of CAP completely disappeared in the presence of the antibiotic.
Contrary to the result with ts-20, the filaments of PAT 84 produced after 60 min of incubation at 42 C were able to divide once when shifted back to 30 C in the presence of 150 mg of CAP per ml.
Effect of a multiple temperature shift. The exponentially growing culture of ts-20 at 30 C was shifted to 42 C, incubated for 60 min, and shif'ted back to 30 C. After various periods of incubation at 30 C, the culture was shifted back to 42 C. The number of colony formers increased about 1.4-and 2.0-fold when the culture was shifted to 42 C after 15 and 30 min of incubation at 30 C, respectively. However, when the cells were shifted to 42 C after 60 min of incubation at 30 C there was no increase of cell number. The results are shown in Fig. 5 .
The patterns of increase of cell number only with the small daughter cells. The residual snake became longer as it was incubated at 30 C. The second division of the filament occurred in a short period after the first division. The third division was seen 60 min after the second division. This coincides with the results in Fig. 2 showing the increase of cell number after the temperature shift.
Ultrathin sections of ts-20 cells, grown at permissive or nonpermissive temperatures, were examined by electron microscope (Fig. 7) . There was no morphological abnormality in ts-20 cells that had been cultivated at 30 C as compared to the parent strain. However, the mutant incubated at 42 C for 60 min showed a filamentous form two to four times longer than the cells grown at 30 C. The nuclei were well separated into two to four, corresponding to the number of cells that would divide at the permissive temperature. No cross wall was observed. As suggested by Fig. 4 , the division of the filament was completely inhibited by 150 gg of CAP per ml when the filament was in contact with the antibiotic at the time of the tempera- Fig. 7a and b shows the same form as cells that had been stored at 42 C, that is, a multinucleated filament lacking septa. The beginning of septum formation was observed between the nuclei when CAP was added 20 min after the shift from 42 to 30 C (Fig. 7c, d ). The nuclei in the filament of ts-20 segregated well (Fig. 7) , and a filament can divide into nearly two cells in the absence of thymine at 30 C (Fig. 3) . That is, almost all of the filaments are able to divide once without further synthesis of DNA. On the other hand, in exponentially growing cells, only 25% have been reported to divide in the absence of DNA synthesis (5) . Therefore, this indicates that the filaments are blocked in a process between the completion of chromosome replication and septum formation. The immediate termination of cell division of ts-20 at the temperature shift from 30 to 42 C and the synchronous increase of cell number shown after the original burst at the permissive temperature (Fig. 2 ) strongly suggest that some strict point of the cellular division process is thermosensitive in this mutant. As the filamentous cells at 42 C have no septa, and no septation is shown even when the filaments are shifted to 30 C in the presence of CAP, the product of the thermosensitive gene may contribute to septum formation.
DISCUSSION
As shown in Fig. 4 , the filament can divide to some extent in the presence of CAP, provided that the elongated cells are exposed to 30 C before the addition of the antibiotic. An elongated cell can divide into 1.7 cells even when CAP is added 60 min after the temperature shift from 42 to 30 C. This indicates that the protein synthesized at 30 C can act so that the filament can divide without further synthesis of new protein. However, because the second division seen at 120 min after the temperature shift from 42 to 30 C is completely inhibited by CAP added at 60 min, the protein should be newly synthesized for the next cell division.
In the case of temperature shift, the filament is able to divide at 42 C to the same extent as with CAP treatment when it is incubated at 30 C for 15 Fig. 5 . The protein synthesized in this period can act to some extent without further synthesis of protein (Fig. 4) . However, once the filament divides into two cells, X and Y return to the original amount, as described above, and the filament regains sensitivity to high temperature thereafter (Fig. 5) , although it can divide at 30 C even in the presence of CAP (Fig. 4) . The accumulation and destruction of heatlabile protein during the replication cycle of E. coli has been reported by Smith and Pardee (22) . It is uncertain whether the protein is the same as that thermosensitive protein in ts-20. However, the biochemical analysis of such a protein will contribute to the resolution of the cellular division process of E. coli.
